V ascular remodeling is an adaptive process that occurs in response to chronic changes in blood flow and other hemodynamic conditions, and a variety of vascular cellular responses, such as the growth and death of vascular smooth muscle cells and changes in extracellular matrix composition, are involved in the mechanisms. 1, 2 Endothelial cells are thought to play a cardinal role in sensing changes in mechanical and biochemical forces and to regulate vascular structure. 3 One of the key molecules released by the endothelium is NO, synthesized by endothelial NO synthase (eNOS), which diffuses to underlying vascular smooth muscle cells or the lumen side and affects various cell functions. Over the past years, several studies have been performed involving the importance of endogenous eNOS-derived NO in vascular remodeling with the use of NO synthase (NOS) inhibitortreated animals and eNOS-deficient mice. 4 -6 Furthermore, eNOS gene transfer to the balloon-injured arteries in animal experiments has been shown to inhibit neointimal formation. [7] [8] [9] However, in those studies, eNOS was overexpressed mainly in vascular smooth muscle cells and/or the adventitia, not in the endothelium. On the other hand, no studies have ever tried to examine the effect of chronic overproduction of eNOS-derived NO from the endothelium on vascular remodeling. Recently, we generated transgenic (Tg) mice that overexpress eNOS in the endothelium. We reported that the eNOS-Tg mice exhibit hypotension with increased NO production. 10 We also found that the basal eNOS activity in the vessels showed a 7-fold increase and that acetylcholineinduced NO production was elevated 3-fold in eNOS-Tg mice compared wild-type mice. 10, 11 In the present study, to clarify the effects of chronic NO overproduction on vascular remodeling, particularly on lesion formation, we examined, with the use of eNOS-Tg mice, the mouse carotid artery vascular remodeling model 12 in which the endothelium remains uninjured.
promoter. 10 Heterozygous Tg mice and their littermate wild-type mice were used at 12 to 16 weeks of age. To inhibit NOS chronically, some of mice were provided water containing 1 mg/mL N G -nitro-Larginine methyl ester (L-NAME). This dose of L-NAME increased blood pressure in both genotypes and canceled the difference in blood pressure, as reported previously. 10 Several wild-type mice were fed 0.12 mg/mL hydralazine containing water to reduce blood pressure to the levels found in eNOS-Tg mice. L-NAME and hydralazine were both started 2 weeks before the carotid ligation and were continued throughout the experiment. Moreover, some mice were provided chow containing 0.05% aspirin. The chow was started 1 week before the ligation and was continued for 3 weeks. All animal experiments were conducted according to the Guidelines for Animal Experiments at Kobe University School of Medicine.
Vascular Remodeling Model in Mouse Carotid Artery
We used a mouse model of vascular remodeling by carotid ligation, which has been reported previously. 12 After anesthesia by intraperitoneal injection of pentobarbital sodium, left carotid arteries were dissected and ligated completely near the carotid bifurcation. Groups of animals were killed at 3, 7, 14, and 28 days after ligation of the carotid artery. All animals received 2 subcutaneous injections of the thymidine analogue bromodeoxyuridine (BrdU, 2.5 mg per injection, Sigma Chemical Co) 24 and 6 hours before euthanasia. All mice were fixed for 5 minutes under their mean pressures (95 mm Hg [wild type] and 80 mm Hg [Tg]) with 4% paraformaldehyde in PBS. After excision of the left and right carotid arteries, the vessels were immersion-fixed in 4% paraformaldehyde in PBS and embedded in paraffin or in OCT compounds (Miles Laboratories), and serial sections were cut for analysis by hematoxylin-eosin staining and immunostaining. Serial sections collected every 50-m interval (0.5-to 3.0-mm segments proximal to the ligation site) were used for morphological analysis. Similar segments of the right carotid artery were analyzed for the control condition.
Morphological Analysis
Morphological analysis was carried out on left (ligated side) and right (nonligated side) carotid arteries harvested 4 weeks after ligation according to the method originally described by Kumar et al. 13 All serial sections collected from the 0.5-to 3.0-mm segments proximal to the ligation site were divided into 5 nearly equal groups, and 2 sections were picked from each group. Thus, in total, 10 sections were measured, and data for each mouse were shown as the average of 10 sections. This procedure was performed to ensure that the entire length of the arterial sample was used in the analysis, because the thickness of the lesion varied along the length of the artery. Digitized images of these vessels were analyzed with NIH 1.58 Imaging Software. The circumference length of the lumen, internal elastic lamina (IEL), and external elastic lamina (EEL) were determined by tracing along the luminal surface, IEL, and EEL, respectively. Under the assumption that the structures were circular, we calculated the areas enclosed by the EEL, IEL, and lumen. The area defined by the EEL was used as the total vascular area. The medial area was calculated by subtracting the area defined by the IEL from the total vascular area, and the intimal area was determined by subtracting the lumen area from the area defined by the IEL.
Immunohistochemistry and Immunoblotting
Immunohistochemical staining for eNOS was obtained with a rabbit polyclonal eNOS antibody (1:50 dilution, Transduction Laboratories) with the use of frozen sections as previously reported. 10, 14 At 2 weeks after ligation, protein was extracted from the ligated and nonligated carotid arteries with the use of 10 mice in each group. The membrane fraction of the protein was separated by ultracentrifugation and immunoblotted. Immunoblotting of eNOS was performed as previously described. 10 Briefly, 100 g of protein samples from the membrane fraction was separated on a 7.5% SDS-polyacrylamide gel under reducing conditions. After electrophoresis, the protein was transferred to a nitrocellulose membrane. Blots were then incubated in a blocking buffer consisted of 5% nonfat dry milk and incubated overnight at 4°C with a rabbit polyclonal eNOS antibody (1:200 dilution) described above. Immunoreactive bands were visualized by use of an ECL detection kit (Amersham). We also assessed the expression of inducible NOS (iNOS) by histochemistry with the use of a rabbit polyclonal anti-iNOS antibody (1:500 dilution, Santa Cruz Biotechnology). The vascular cell replication indices in the intima and media were determined by staining with a rat monoclonal antibody against BrdU (1:200 dilution, Harlan SERA-LAB). The numbers of total and stained nuclei were counted, and the percentage of the BrdU labeling was calculated. 12 The presence of inflammatory cells was determined by using a rat monoclonal antibody against the mouse CD45, a leukocyte common antigen (1:250 dilution, Pharmingen). 13 The expressions of intracellular adhesion molecule-1 (ICAM-1) and vascular cellular adhesion molecule-1 (VCAM-1) were evaluated by immunostaining with use of a mouse monoclonal anti-ICAM-1 antibody (1:100 dilution, R&D Systems) and a goat polyclonal anti-VCAM-1 antibody (1:200 dilution, Santa Cruz Biotechnology), respectively. Biotinylated secondary antibodies and streptavidin-horseradish peroxidase (DAKOPATTS) with 3,3Ј-diaminobenzidine as the color substrate were used for all staining runs. At least 3 sections were analyzed per animal for these factors. The extents of ICAM-1 and VCAM-1 expressions were semiquantitatively evaluated by scoring as follows: grade 0, negative stain; grade 1, variable or weak stain; and grade 2, moderately or strongly positive stain. 15 The sections were blindly graded by 2 independent senior pathologists.
Statistical Analysis
Data are presented as meanϮSEM. An unpaired Student t test or Mann-Whitney U test was used to detect significant differences when 2 groups were compared. Statistical differences among group means were determined by 1-way ANOVA with repeated measures, followed by a post hoc comparison. A value of PϽ0.05 was considered to be statistically significant.
Results

Comparison of Morphological Changes in eNOS-Tg and Wild-Type Mice
In this vascular remodeling model, the endothelium remained intact, but the luminal area was reduced through a combination of decreased vessel diameter, neointimal formation, and medial thickening at the proximal portion of the ligation. 12 In nonligated side carotid arteries, there were no significant differences in luminal, intimal, medial, and total vascular areas between the 2 genotypes (Table 1) . At 4 weeks after ligation, the neointimal and medial areas were significantly reduced in eNOS-Tg mice compared with wild-type mice ( Figure 1B, 1C , and 1E and Table 1 ). The total vascular area as measured by the area defined by EEL was not different between the two genotypes, whereas the luminal area was markedly larger in eNOS-Tg mice ( Figure 1E and Table 1) .
Hydralazine treatment reduced blood pressure by 19Ϯ4 mm Hg in wild-type mice to levels comparable to those in eNOS-Tg mice, whereas it did not influence the intimal (17 000Ϯ5200 m 2 ) and medial (29 700Ϯ2300 m 2 ) thickening (nϭ5 treated wild-type mice, PϭNS versus nontreated wild-type mice; Table 1 ). L-NAME treatment increased the neointimal and medial areas in wild-type and eNOS-Tg mice ( Figure 1D and Table 1 ). There were no differences in those values between the 2 genotypes.
Morphology and Immunohistochemistry
The presence of endothelial cells on the luminal surface was verified by immunostaining for von Willebrand factor at various time points after ligation. In accord with a study of Kumar et al, 12 we noted in the present study an occasional clot formation only in the immediate vicinity of the ligature,
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and we did not find clot formation at the portion Ͼ1 mm proximal to the ligation site. We also confirmed that aspirin treatment did not alter the process of lesion formation in this model.
Immunohistochemistry and immunoblotting revealed that eNOS expression at the endothelium was increased in eNOS-Tg mice in nonligated carotid arteries (Figure 2A through 2E). Carotid ligation dramatically decreased eNOS Table 1 .
expression at the endothelium proximal to the ligated point in wild-type mice, whereas its expression was relatively maintained in eNOS-Tg mice (Figure 2A through 2D) .
Inflammatory cells were present near the luminal surface at 3 and 7 days after ligation. At 3 days after ligation, the number of CD45-positive cells around the luminal surface (total counts of 5 sections for each mouse) was significantly reduced in eNOS-Tg mice compared with wild-type mice (136.2Ϯ26.2 versus 308.8Ϯ34.4, respectively; PϽ0.01; Figure 3) . Inflammatory cells were also found in the adventitia and the outer layer of the media within 2 weeks after ligation. Although the mechanisms of the inflammatory changes in the adventitia and the outer layer of the media are not yet explored, they may, at least in part, be related to the surgical procedure. Those inflammatory cells were diminished, and only a few cells were seen in the adventitia at 4 weeks after ligation ( Figure 1B and 1C) . In association with these inflammatory responses, iNOS expression was detected mainly in the adventitia, especially in the infiltrated inflammatory cells, and the expression seemed to be not different between wild-type and eNOS-Tg mice at 1 week after ligation ( Figure 2F and 2G) .
To clarify the mechanism of reduced leukocyte infiltration from the luminal side, we examined expressions of adhesion molecules by immunohistochemistry. Carotid ligation markedly increased ICAM-1 expression in wild-type mice at 3 and 7 days after ligation, whereas the expression in eNOS-Tg mice was still obscure and reduced compared with that in wild-type mice ( Figure 4A and 4B and Table 2 ). Likewise, VCAM-1 expression was significantly reduced in eNOS-Tg mice compared with wild-type mice at 3 and 7 days after ligation ( Figure 4C and 4D and Table 2 ). In contrast, expressions of ICAM-1 and VCAM-1 in the contralateral right carotid artery were obscure, and they did not change significantly after ligation of the left carotid in both genotypes.
As described above, carotid ligation induced neointimal and medial thickening. To examine whether the increase in wall thickness after blood flow cessation was due to hyperplasia or hypertrophy of smooth muscle cells, we assessed the incorporation of BrdU into carotid vessels. The percentage of BrdU-positive cells was significantly reduced in eNOS-Tg mice compared with wild-type mice at 1 and 2 weeks after the carotid ligation ( Figure 5 ). 
Discussion
The present study using eNOS-Tg mice demonstrated that NO overproduction from the endothelium inhibits the vascular lesion formation in the carotid artery vascular remodeling model. In eNOS-Tg mice, the reduced lesion formation was associated with attenuated inflammatory cell infiltration. L-NAME treatment aggravated the lesion formation in wildtype and eNOS-Tg mice and resulted in a similar extent of lesion formation between them.
Endothelium-derived NO is thought to play an important role in vascular remodeling. A number of studies using experimental balloon angioplasty demonstrated the protective role of NO derived from eNOS on vascular remodeling characterized by neointimal formation with the use of eNOS gene transfer or the administration of L-arginine, a substrate for NO. [7] [8] [9] 16, 17 However, in the balloon angioplasty-induced vascular remodeling model, the endothelium is injured, and the role of NO produced from the endothelium cannot be fully elucidated. Therefore, the use of the vascular remodeling model in which the endothelium remains intact during the lesion formation process would be required to elucidate directly the role of NO from the endothelium on remodeling. 10 Flow-induced vascular remodeling is a typical example of such a vascular remodeling model. Vessels undergo vascular remodeling characterized by intimal hyperplasia and increased vessel diameter in response to blood flow increase. 18, 19 In this type of vascular remodeling, the endothelium plays a critical role, and NOS inhibitors attenuate the remodeling process. On the other hand, vessel diameter decreases when blood flow is reduced. 20 It has been demonstrated that cessation of blood flow by complete ligation of the vessel near the carotid bifurcation induces a combination of intimal and medial thickening together with decreased vessel diameter, which results in a reduction in the luminal area. 12 Although the mechanisms of vascular remodeling in this model are not fully clarified, it is proposed that decreased shear stress due to cessation of flow results in shrinkage in the luminal area and thickening in the neointima and media of the vessel. 12 It is also suggested that the inflammatory cell infiltration is implicated in the initiation of these process. 13 In this remodeling model, the contralateral carotid artery is also shown to undergo a remodeling process due to increased blood flow; therefore, the extent of remodeling in the ligated artery may be overestimated. However, this vascular remodeling model, in which the endothelium is not removed and is kept intact, enables us to investigate the role of endogenous endothelium-derived NO on vascular remodeling.
The present finding is in accordance with the recent reports on vascular remodeling with the use of eNOS-deficient mice. 5, 6 In eNOS-deficient mice, deficiency of NO from the endothelium was shown to aggravate neointimal hyperplasia in 2 different types of vascular remodeling models with preserved endothelium. Rudic et al 5 showed that eNOSdeficient mice exhibited acceleration of vascular remodeling in the common carotid artery after ligation of the ipsilateral external carotid artery. Likewise, Moroi et al 6 reported that the intimal hyperplasia in the femoral artery caused by cuff placement was exaggerated in eNOS-deficient mice. Before and after carotid ligation, we found increased eNOS expression on the endothelium in eNOS-Tg mice. It is unclear why eNOS expression was preserved despite the reduction of shear stress in eNOS-Tg mice after ligation. However, it may be related to the use of the preproendothelin-1 promoter for the transgene, inasmuch as the expression of preproendothelin-1 is shown to increase by reduction of shear stress. The inhibitory effects in eNOS-Tg mice were abolished by L-NAME treatment. The vascular effects induced by L-NAME may not be entirely due to the inhibition of endogenous NO, but our finding is in agreement with previous reports demonstrating the aggravation of balloon angioplasty-induced vascular remodeling by L-NAME treatment in animal models. 21 Thus, the attenuation of vascular remodeling in eNOS-Tg mice is caused by overproduced NO. It was implicated that leukocyte recruitment plays critical roles in the present vascular remodeling model. 12, 13 The reduced blood flow results in activation of leukocyteendothelial adhesion and induces subsequent influx of inflammatory cells. Indeed, we found the prominent leukocyte infiltration mainly in the luminal side of intimal hyperplasia in wild-type mice. Leukocyte-endothelial adhesion plays a cardinal role in the initiation of leukocyte infiltration. In the present study, we found upregulation of VCAM-1, an endothelial adhesion molecule, at the remodeling site by cessation of flow. Walpola et al 22 also demonstrated the upregulation of VCAM-1 by a reduction of blood flow in a rabbit model. The importance of the adhesion molecule in lesion formation in this model was revealed by Kumar et al. 13 They showed the reduced infiltration of inflammatory cells associated with intimal thickening in P-selectin knockout mice. In the present study, in eNOS-Tg mice, the number of leukocytes present in the developing intima and near the luminal surface was markedly reduced compared with that in wild-type mice. Most important, we found that the expressions of not only VCAM-1 but also ICAM-1 after carotid ligation were significantly reduced in eNOS-Tg mice compared with wild-type mice. It was revealed in studies in vitro that NO reduces lipopolysaccharide-or cytokine-induced expressions of adhesion molecules in endothelial cells. 23, 24 Using these eNOS-Tg mice, we have demonstrated that overproduction of NO from pulmonary vascular endothelial cells reduced lipopolysaccharide-induced upregulation of adhesion molecules in the lungs. 25 Thus, it seems that suppression of leukocyte infiltration resulting from the inhibition of adhesion molecule expressions by overproduced NO from the endothelium is involved in the mechanisms of the reduced vascular remodeling in eNOS-Tg mice, although other mechanisms may also be implicated.
In the present study, we demonstrated that the percentage of BrdU-positive cells was reduced in eNOS-Tg mice compared with wild-type mice. Thus, vascular smooth muscle cell proliferation was reduced in eNOS-Tg mice. Because the inflammatory cell infiltration was attenuated in eNOS-Tg mice, the production of various growth stimuli on smooth muscle cells from those mice was likely to be reduced. It is also possible that the overproduced NO directly inhibited the proliferation of vascular smooth muscle cells. Studies in vitro showed that NO donors and cGMP-elevating agents inhibit vascular smooth muscle cell proliferation. 26, 27 Although the mechanisms are still not fully elucidated, recent reports have implicated that NO affects some cell cycle-associated proteins, such as cyclin A. 28 In the present study, overexpression of eNOS in the endothelium reduced neointimal and medial thickening but did not affect the reduction in vessel diameter. The mechanisms of vascular constriction in this model are unclear, and so far, only the participation of the cytoskeleton 29 and the role of iNOS detected in the adventitia and the outer layer have been suggested. 30 Further studies are needed to clarify the mechanisms, particularly the role of iNOS-derived NO, of the reduction in vascular diameter associated with the cessation of blood flow in this model.
In conclusion, the present study suggests that NO produced from endothelial cells inhibits neointimal formation and medial thickening of the carotid artery induced by the cessation of blood flow in mice. Although the mechanisms of the vascular remodeling process used in the present study are not fully clarified and factors other than NO are likely involved in them, our results provide direct evidence of the regulatory role of NO from the endothelium on vascular structure integrity. 
